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To have a relevan~ model of the crust, which would allow to extrapolate the near surface 
geother:mal data to depth and to evaluate the crustal temper:atures, the knowledge of the distr:i­
bution of heat producing radioactive elements is essential. Most of curr:ent heat production mo­
dels are derived from the presumed petr:ological crustal models completed with laborator:y measu­
rements of radioactive content of rock samples representing a suite of characteristic crustal 
types. The experimental relationship between seismic velocity (vp) and heat pr:oduction (A), 
formulated by Rybach and Buntebarth (1984), provided a useful independent method to evaluate 
crustal heat sources. After considering for the pressur:e and temperature dependences of the sei­
smic velocity and after taking into account the dependence of the heat pr:oduction on the geolo­

age (see also Cermak and Bodr:i" 1986; Cermak 1988) the vp-A conversion allows to charac­
the individual crustal layers in terms of heat production. 

Cr:ustal r:adioactivity may have been considerably affected by various secondar:y processes, 
such as igneous, metamorphic and tectonic activity, subsurface fluid movements, etc. It is clear 
that a simple functional expression A(z) can hardly be applicable for the whole continental 
crust without taking into account local crustal features. Never:theless, a certain gener:al rela­
tionship is often needed 'in order to compare the individual tectonic provinces and to assess 
the heat flow contribution (Moho heat flow) from depth. A number of heat production models have 
been proposed a'ld discussed in liteJ;aturlil (Roy et a1., 1968; Lachenbruch 1968). Gener:ally the­
se models were derived from the observed heat flow--near surface heat pr:oduction data. The prob­
lem, however, ar:ises, whether the near: surface phenomena can be extr:apolated to the whole crust, 
and if e.g. simple exponential heat production distribution A(z)=Aoexp(-z/O) is suitable for 
deep temperature calculations. Exponential decrease of heat production with depth, identifying 
the parameter 0 as a geller:al geochemical property, reasonably well describes the upwar:d concen­
tration of radioactive elements" being the consequence of partial melting during the crustal 
formation. 

The radiogenic heat production is a composite contribution of U, Th and K and it is natur:al 
to expect that the distribution of each element is governed by its own depth dependence. This 
would result in' a certain depth deviation of the o-parameter from a value found from the near 
surface obser:vations, namely in the gradual increase of the o-value wi th depth. In the lower 
crust the element with the highest O-value has to take over and controls the heat pr:oduction. 
The relative enrichment of the upper parts of the crust by radioelements by secondary processes 
during the cr:ustal evolution was proposed by several authors. Especially Uranjum is vulnerable 
to the effect of deep penetrating meteor:ic water: and U can thus be leached away hom deeper: 
mcks and. be relatively more abundant in the uppermost crustal sections. Costain (1978) threw 
doubts on a universal validity of simple exponential distribution A(z) character:ized by a single 
value of 0 wi thin the whole crust and suggested that the zone of microcrack porosity and the 
depth of emplacement of igneous rocks might play an impodant role in the observed lineari ty 
between surface heat flow and near surface heat production. 

This paper is a thorough analysis of vp-A converted data froma numerous vp(z) profiles from 
various tectonic units in Europe and North America with a few more localities in India, Africa 
and Australia. In addition to previous paper:s, which employed similar data from Central and 
Eestern Europe in order to assess the crustal heat contribution and to calculate Moho heat flow 
(Cer:mak, 198~) and to speculate on the ver:tical distribution of heat production in the continen­
tal crust (Cermak and Rybach, 1988), this paper focussed on the application of statistical cri­
teria to find the best fitting A(z) expression corresponding to the observed mater:ial. 

The empirical relationships between seismic velocity and heat production (Rybach and Bunte­
barth, 1984) ar:e based on laboratory measur:ements and corr:espond to certain fixed laborator:y 
conditions, namely to 200 C and 100 MPa. As seismic velocity is temper:ature and pressure depen­
dent, before the vp-A conver:sion can be applied on observed seismic velocities, the T, P effects 
?n ~p. must be assesse? For detai~ed s~udies of the ver:tical distribution of heat so~rces, each 
IndIVIdual vp(z) profIle treated In thIS ~lOrk was therefore converted Into A(z) pr:oflle separa­

. tely taking into account the specific local condition3. Rather than to use corr:ection factor: 
f=v~(20,100)/vp(T,P) (proposed by Rybach and Buntebarth, 1984), more complex cor:rection function 
C(Z) was introduced, f=l+C( z) Ivp. For a standard densi ty(pressure) -versus-depth model and for 
a temperature-versus-depth model (depending on the surface geother:mal activity), the C(z) can be 
expressed directly as a function of depth, including the pressure and temperature derivatives 
of the seismic velocity (for details see Cermak, B~dr:i and Rybach, in pr:eparation). 

Oue to extreme complexity of the uppermost crust and to cer:tain problems of applying the 
conversion vp-A technique pr:oper:ly at pressures up to 200-300 MPa, the upper -ten-kilometer:s 
layer was not considered. The following consideration therefore refers only to the bulk of the 
crust below 10 km depth (Cermak, 1988). 
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As a result of the vp-A conversion, a number of corresponding A(z) profiles were obtained, 
which were then analysed and compared with a series of simple models : single, double and triple 
step models, linear model and several exponential models. As no special A(z) function had been 
preferred and basically only two requirements were postulated : (i) A(z) function must be de-

with depth, and (ii) dA/dz negative, its absolute value also be decreasing with depth. 
This means, that e.g. linear model A(z)=Ao(l-z/D) (even when statistically gavereasonabl~Eood 
approximation) was disqualified. It was found that the exponential furictions correspond best 
to the studied A(z) profiles, indicating however, a certain systematic depth deviation, which 
could be expained by a depth depending logarithmic decrement D(z) (Cermak and Rybach, 1988). 

The following exponential-type distributions were studied: . 
(a) A(z)=Aoexp(-z/D) with D constant in the whole crustal secticn below 10 km; 
(b) ibid, with D being different in specific crustal layers, namely 10-20, 20-30, 30-40 km; 
(c) A(z)=Aoexp( -z/(D+oCtz)J , depth dependent D-parameter; 
(d) A(z)=J\lexp( -z/Ol) + A2exP( -z/D2), which corresponds to two-component heat production, and 
(e) A(Z1=Ao t (l+ ovz)exp( -z/Dl) + exp( -z/D2)] , also a two-componet heat production with a depth 

dependent ratio of the individual contributions. 
Both latter distributions were applied also on converted heat production data after the contri ­
bution of potassium (generally characterized by large OK and practically constant with depth) 
was removed. However, the solutions of both these distributions, quite complex, suffered from 
poor stability (4 parameters to be estimated). 

The present paper focuseed therefore or] two former distributions. For them the non-linear 
least squares problem was solved with the help of the conjugate gradient method and the good­
ness of fit was tested by Fischer criterion, only results at the 95 % confidence level were 
accepted. 

More than 150 individual vp(z) profiles were investigated, grouped into several categories 
according to their tectonic age/geological history and surface heat flow. As there is a gene­
rally neqative correlation between fi~rface heat flow and crustal thickness (Cermak, 1982), the 
above subgrouping relates also to the mean Moho depth, being the further parameter to bs incor­
porated iii to the study. Some of the characteristic results are compiled and shown in Table 1, 
defining t.hE mean (calculated) heat production at depth 10 km and the mean O-value for selected 
tectonic units (the results of the calculation (a» and the characteristic O-values correspond­
ing to intervals 10-20, 20-30 and 30-40 km (the results of the calculation (b». 

TABLE l. Calculated mean heat production at depth of 10 km and the 

mean value of the logarithmic decrement °characterizing the whole crust 

together with values of D-parameter corresponding to the specific depth 


intervals of 10-20, 20-30, and 30-40 km. 


Tecto,nic unit n A D 010-20 020- 30 °30-400_3 km km km km 

North America 
Canadian shield 4 0.77 11 17 11 5 
Canadian Rockies 1 0.76 12 14 11 9 
Canadian Cordillera 7 1.83 15 38 8 4 
Central and Eastern US 1 0.68 14 29 13 5 
Northern Rockies 6 1.96 12 31 13 9 
Basin and Range 
Colorado Plateau 

8 
8 

2.17 
2.11 

11 
12 

IB 
15 

6 
B 

shield 
Ukrainian shield 
East European Platform 
Bohemian Massif 
Northern Great Britain 

5 
7 
9 
4 
5 

0.58 
0.47 
0.52 
2.07 
1.72 

19 
19 
lB 
12 
13 

13 
19 
34 
14 
19 

22 
lB 
12 
9 
9 

(26) 
(21) 
14 

(23) 
4 

French Massif Central 8 1.73 14 29 6 
Pannonian Basin 2 1.74 8 9 (24) 
Eastern Mediterranean 1 (4.79) 5 5 4 

Rift 5 2.25 11 13 B 6 
Asia 
Indian shield 1 0.35 19 21 15 13 
Australia 
Western shield 7 0.5B 10 29 15 B 
South-East region 6 2.12 11 16 13 B 
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Among the most important pieces of knowledge deduced from the performed analysis one has 
to emphasize: 
(1) 	The mean value of the D-parameter of the simple exponential distribution A(z) generally de­

creases with the age, D-parameter amounts 15-20 km in the Precambrian units compared with 
about 10 km in the Phanerozoic realm. In the latter Phanerozoic group the mean D-parameter 
decreasing with increasing surface heat flow. D-parameter is approximately equal to half 
of the crustal thickness in ancient cratons and platforms, and only about 1/3 in younger 
units. This finding suggests more pronounced differentiation of the radioactive elements 
(steeper heat production distribution) in younger terrains. -3 

(2) 	The value of Ao is practically constant in Precambrian uni!j (0.5 - 0.7 /uW.m ) and consi­
derably smaller than in Phanerozoic units (1.5 to 2.0 uW.m ). 

(3) 	 If characteristic values of the D-parameter were dalculated for the individual crustal 
layers, D-parameter generally decreases with depth. This decrease is typical for all studied 
regions, being less pronounced in ancient shields than in platforms, being quite distinct 
in younger terrains. The value of the D-parameter is of 20-35 km just below 10 km depth, 
abruptly decreasing to about one half below 20 km and remaining practically constant in 
deeper sections. 

(4) 	 Positive correlation exists between D-value and the Moho depth (coefficient of correlation 
better than 0.9), see Fig.l. Negative correlation exists between D-value and surface heat 
flow (coefficient of correlation of about -0.85), see Fig.2. 
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1 and 2. Correlation between calculated D-parameter and Moho depth (left) 
D-[Jar'amletE~r and surface heat flow (right). Open circles correspond to Precambrian 

(shields and platforms), solid dots correspond to Phanerozoic terrains 

The conversion of compressionaL seismic velocity into heat production yields a general 
decrease of heat production with depth. This depth dependence needs not to follow exactly a 
simple exponential law. Summarizing the idea of the role of underground water circulation in 
the redistribution of the radioactive elements (Costain, 1978; Gosnold and Swanberg, 1980) 
together with our finding of the principal disagreement between the extrapolated (geochemical) 
D-parameter (increasing with depth) and converted heat sources distribution (decreasing 0 with 
depth) (Cermak and Rybach, 1988), the following model was proposed (Fig.3). 

The distribution of heat sources was preserved in the lower crust and can be 
hardly from the near surface observations. If approximated by a general exponential 
curve, the' O-parameter decreases with depth, i.e. deeper in the crust the heat production 
decreases more rapidly with depth than in the intermediate parts of the crust. This decrease 
is more pronounced within younger or high heat flow provinces than in old shields and platforms. 

At depths below 25-30 km the contribution to heat flow is very small and there is no con­
siderable difference between heat generation in the lowest crust and the uppermost mantle. Near 
the surface, at depths less than the D-parameter (Le. in the upper 7-14 km), the subsequent 
processes (magmatism, metamorphism, hydrogeological alternation, etc.) caused a certain redis­
tribution of radiogenic elements. Groundwater circulation plays a decisive role in producing 
upward migration and enrichment of uranium. Although there is probably no distinct transition 
zone separating the uppermost crust (defined as a region of meteoric water penetration, Cermak 
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and Rybach, 1988) from the underlaying unaffected crustal layers, the existence of some inver­
sion zone at depth close to 10 km cannot be precluded. This would correspond to the inflection 
in the heat production-depth curve at the lowest depths of interaction between plutons and 
groundwater (Gosnold and Swanberg, 1980). The heat production within the upper can be evalua­
ted from the combined. heat flow-heat generation studies where the O-parameter corresponds to 
the slope of the linear relationship (Roy et al., 1968). The uppermost crustal rocks are enri­
ched in radioelements while the rocks at the base of this layer are depleated with respect of 
the original distribution. 

HEAT ~ENERAT'ON 

ZCNE OF W'.TER 

. -1Okm 	 AND REDISTRIBUTION 

AK) THOR.It.f1 

:::c 
I ­
a.. 
w 
o 

PEN£TAATION 

OF UtANILIM 

Fig.3. Model proposed for radioelement redistribution in the 
uppermost crust, also indicating schematically the variation of 

O-value (in km) with depth. 
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